Deuterium oxide dilutions have long been the accepted means for collecting body condition measures on phocids. Blubber depth has become more frequently used as an indicator of health. This project represents the first in-depth examination of blubber depth measured via ultrasound as an indicator of body condition in a single species. We concurrently measured blubber depth via imaging ultrasound at 8 locations, fat and protein mass via deuterium oxide dilutions, morphometrics, and mass from wild, captive, and rehabilitating harbor seals (Phoca vitulina; n = 89). Seals ranged from premature to adult. By using body mass and blubber depth measurements we are able to predict fat and lean mass in an independent set of 187 animals (adjusted R 2 = 0.77 and 0.96, respectively). Although most of the ultrasound sites produced strong correlates to fat mass, an additive model incorporating body mass, 1 lateral site (L2), and 1 dorsal site (D4) provided the tightest fit.
Blubber provides insulation, influences buoyancy, and is the primary storage site for energetic reserves in marine mammals, including phocid seals. Fluctuations in blubber thickness can indicate nutritional, thermal, and metabolic demands; it therefore is a metric with implications for physiological condition (i.e., Beck et al. 2000; Koopman et al. 2002; Rosen et al. 2007; Ryg et al. 1990 ). In order to measure blubber in phocids, research has moved away from whole body measurements in sacrificed animals (Pace and Rathbun 1945; Pinson 1952) , to isotope dilutions in live animals (i.e., Beck et al. 2000; Rutishauser et al. 2004; Slip et al. 1992) . Because the capture and handling of marine mammals causes some level of stress, and there is a desire to minimize these effects, noninvasive methods for research are called for.
Numerous studies have used blubber depth taken by ultrasound as a measure of condition (Castellini et al. 2009; Field et al. 2005; Mellish et al. 2007; Rosen and Renouf 1997) . At least 2 studies have taken this one step further, to specifically extrapolate fat or protein body mass from blubber depth (Hall and McConnell 2007; Slip et al. 1992) . The question remains, what is the most accurate and least invasive method to collect information on body condition?
Frequently used methods such as isotope dilution allow for accurate, nonlethal determination of fat content, but require significant animal handling and restraint time, and often sedation (Bowen et al. 1999) . The use of portable ultrasounds to measure blubber depth as an indicator of body condition has increased over the past decade due its multiple advantages, such as portability, ease of use, rapid results, reduced cost, and minimally invasive technique (Castellini et al. 2009; Field et al. 2005; Hall and McConnell 2007; Mellish et al. 2004; Rosen and Renouf 1997) . Blubber depth measured via ultrasound provides a nonlethal index of body condition with minimal handling time. However, there are challenges in the use of ultrasound measurements, such as comparisons between ultrasound operators, consistency of anatomic and marked locations for depth measurement, and interpretation of the results. Measurement comparisons from an individual experienced user on different animals within a species can be quite informative. Both the level of pressure for blubber measurement and image assessment on the ultrasound unit can be highly variable between users, especially if they are untrained. Validation of consistency in data collected within a species, by a user and between multiple users is needed.
This project represents the first in-depth examination of ultrasound measurements of blubber depth as an indicator of body composition in a single species that covers a wide range in age, sex, season, differing physiological states (pregnant, lactating, molting), and nutritional state (emaciated to robust). In this study, we directly assessed the correlation of blubber depth measurements to deuterium oxide dilution (D 2 O) estimates for harbor seals (Phoca vitulina). Our specific objectives were to collect a comprehensive set of paired D 2 O estimates and blubber depth measured by ultrasound in harbor seals and to assess the feasibility of replacing D 2 O with ultrasound measurements. The strength of the prediction model was tested with data from an independent set of seals not used in the model creation.
Materials and Methods
Study animals: predictive model.-Data were collected between 2006 and 2009 from 89 wild, captive, and rehabilitating harbor seals (Phoca vitulina; Table 1 ). Seals ranged in age from premature to adult, including both males and females with varying body conditions. Samples and measurements were collected between January and September of each year. Wild animals were captured as part of Alaska Department of Fish and Game (ADF&G) Marine Mammal Program. Capture and handling techniques are described by Blundell et al. (2011) . Captive and rehabilitating animals were sampled at the Alaska SeaLife Center, Seward, Alaska. All work was conducted under approved IACUC permits and followed guidelines approved by the American Society of Mammalogists (Sikes et al. 2011) .
Body composition: deuterium oxide dilution.-Animals were weighed prior to sample collection. Body composition estimates were determined using D 2 O dilution as described by Reilly and Fedak (1990) . Blood was collected from the caudal venous sinus into sterile serum separator vacutainers (Becton Dickinson, Franklin Lake, New Jersey) to measure background D 2 O enrichment in body fluids. Next, a known body mass-specific weighed dose (0.4-0.6 g/kg IM for wild and 0.7 g/kg IM for captive and rehabilitating) of D 2 O (99.9%, Sigma-Aldrich, St. Louis, Missouri) was administered intramuscularly. As part of a large ADF&G study, 2 large animals (102 and 105.1 kg) were used to determine time to equilibrium. Serial blood samples were collected at 30, 60, 90, 120, 135 , and 160 min postinjection. Both animals reached equilibrium in 120 min. For wild animals with the potential for larger body mass postinjection serum samples were collected at 2.5 h to allow for potential difference in metabolic states, since equilibrium persists from some time after it is reached. To facilitate shorter handling time for the smaller captive and rehabilitating animals, samples were collected 2 h post injection. Blood samples rested for over 30 min to ensure clotting, were centrifuged, and the serum was collected. Serum samples were analyzed for D 2 O concentration. Captive and rehabilitating animal samples were analyzed through Metabolic Solutions, Inc. (Nashua, New Hampshire). Wild animal serum was analyzed by ADF&G using a Miran 1FF fixed-filter deuterium analyzer (Foxboro Company, Foxboro, Massachusetts, Farley and Robbins 1994) . A subset of samples (n = 14) were analyzed using both Metabolic Solutions and ADF&G methods. The ADF&G samples were adjusted to match the Metabolic Solution, Inc. results using the equation: corrected TBW = 0.911 × TBW − 0.77799, where TBW = total body water. For both methods TBW was corrected for overestimation when using D 2 O using the equation (Bowen and Iverson 1998) : TBW = −0.003+ 0.968 × TBW. The equations for percent total body fat (TBF) and total body protein (TBP) for all animals were based on calculations for gray seals (Reilly and Fedak 1990) Ultrasounds.-Blubber depth was measured with a portable imaging ultrasound, SonoSite Vet180, with a C60/5-2 Mhz broadband transducer (Sonosite, Inc., Bothell, Washington) following the methodology described in Mellish et al. (2004) . Measurements were taken while animals were sedated and restrained (wild), under mild restraint (rehabilitating), or under behavioral control (captive). Blubber depth images were collected from 8 sites on the right dorsal (D) and lateral (L) side of the animal (Fig. 1) . Dorsal sites were one probe width from the spine. Lateral sites were taken along the midline. Landmarks used for each numbered site follow: D2 and L2 were on the Table 1 .-Mean ± SD of female and male mass (kg), standard length (cm), axillary girth (cm), percent total body fat (%TBF), and percent total body protein (%TBP) of the 89 harbor seals (Phoca vitulina) used to create prediction equations.
Mass (kg)
Length ( trailing edge of fore flipper, where the flipper joins the body; L3 and D3 were over the posterior end of the rib cage; L4 and D4 were over the mid-abdomen; D5 and L5 were taken at the hip. The procedure began with wetting the pelage to provide thorough contact to the skin and clear defined layers in the image. Pelage was wetted by application of water, isopropyl alcohol, or ultrasound transmission gel, all providing similar results.
Momentary light pressure of the ultrasound probe was applied to wet pelage. Pressure was applied to obtain a clear image and then pressure was released until the layers no longer expanded, but prior to image quality loss. The image was then captured on the ultrasound unit. With good contact, the dermis-probe interface appears as a white layer on the ultrasound image (Fig. 2 , Layer D); blubber has very little image reflection and therefore appears black (Fig. 2, Layer B) ; and the blubber-muscle interface is 2 distinct white layers, the top layer denoting blubber extent. The depth of each layer was determined by the operator by centering one marker in the skin and the 2nd marker on the upper line of the blubber-muscle interface (Fig. 2) . The length of measurement between markers was a straight, perpendicular line. Blubber depth for analysis was the measurement between the 2 markers from skin to the bottom of the blubber layer. The image was saved for future reference. A set of ultrasounds (n = 60) were taken by operators trained and untrained in phocid imaging. Training involved the following 3 criteria: 1) practice with ultrasound unit control and care, 2) review and practice of marker placement on harbor seal blubber depth images, and 3) 2 practice sessions with captive animals. Untrained users did not have experience in all 3 criteria. The full suite of ultrasound measurements for D 2 O comparisons and analysis were taken by 1 of 3 operators trained and experienced in phocid imaging. Ultrasound measurements were taken within 7 days of D 2 O collections on the captive animals (on a steady diet) and at the same time for rehabilitation and wild animals.
Morphometrics.-Standard morphometric measurements were taken to the nearest centimeter on all animals. Measurements included: standard length, curvilinear length, and axillary, maximum, and hip girth.
Study animal: predictive model test.-Paired ultrasound measurements and D 2 O collections were made on an additional 187 wild animals from 2007 to 2009 (Table 2) . Animals were sampled across a range of ages from weaned pup to adult, of both sexes, from different seasons, and included females that were pregnant or lactating. Ultrasound measurements were again taken by 1 of 3 operators, trained and experienced in phocid imaging. These data were used to test the robustness of the prediction equations. The predicted TBF and TBP mass were compared to the TBF and TBP mass as determined by
Statistical analysis.-Predictive model: TBF and TBP were dependent variables for the predictive general linear models and body mass, blubber depth via ultrasound, sex, and operator were independent variables. Models were compared using Akaike Information Criteria (AIC). Reported R 2 values were adjusted to account for multiple predictor variables. Analysis was carried out using the R statistical language (R Development Core Team 2008). Predictive model test: The ability of the models to predict fat and lean body mass was tested using additional data from the 187 animals. A linear model was used to test for the strength of the relationship between fat or lean body mass as predicted by our best models, against the fat or lean body mass determined by D 2 O.
We also normalized residual values from the model fit to test for potential outliers in the data, but the largest value (3.52) was the only value over 3.0, and thus not likely to over-influence model fit.
Results
Body condition via D 2 O, blubber depth by ultrasound, and morphometrics were measured on the initial 89 animals ( Table 1) . The blubber depth measurements versus TBF or TBP data were centered for analysis (i.e., the mean of each variable was subtracted from each observation of that variable, so that the mean of each predictor was 0 to remove bias from the analysis). These data were used to create predictive equations to determine TBF or TBP. The predictive equations presented here have been re-centered (i.e., the original means were added to the estimated intercept and other coefficients). The relation of TBF determined D 2 O and blubber depth measured by ultrasound were fit using 16 predictive models. The models and their relative AIC values are listed in Table 3 . The best-fit model for predicting TBF, as determined by AIC is model 1 which included: body mass, L2, and D4 (adj R 2 = 0.97). Interactions among these 3 variables were tested and were not significant. The effects of different ultrasound operators and sex of the animal were also found to be nonsignificant (Table 3) . The same models were run for predicting TBP (Table 4) 
The predictive models for TBF and TBP were tested using the additional, independent, set of 187 seals. The data were tested for the strength of the relationship between fat or lean body mass predicted by the best-fit models against the TBF and TBP mass derived from D 2 O (Figs. 3 and 4) . The models were able to successfully predict TBF (adj. R 2 = 0.77) and TBP mass (adj. R 2 = 0.92). Blubber depths measured by ultrasound were compared among trained and untrained users. The untrained users had higher variability (1.92 cm ± 0.51 SD) than the trained users (1.85 cm ± 0.40) and the 2 datasets were significantly different (t [59] = 3.01, P < 0.04).
Discussion
The goal of this study was to determine whether blubber depth measurement from an ultrasound could be used to accurately estimate body fat and protein mass in harbor seals. The predictive equations using body mass, L2, and D4 were successful in calculating fat and lean body mass. Although most of the ultrasound sites produced strong correlates to body fat mass, one dorsal (D4) and one lateral (L2) site paired with body mass provided the tightest fit. The results indicate that TBF and TBP can be relatively accurately estimated using an imaging ultrasound for all age classes, body conditions, and reproductive states. The predictive equations from this study only require body mass and 2 ultrasound measurements, making this a noninvasive, quick, and easy determination of TBF and TBP in comparison to D 2 O dilution administration.
Previous studies have also found blubber depth to be an indicator of condition (i.e., Field et al. 2005; Gales and Burton 1987; Mellish et al. 2004; Pitcher 1986 ). Hall and McConnell (2007) found blubber depth to be an accurate predictor of TBF in young gray seals. They also determined that TBP could be predicted from morphometrics, but cautioned that their data was from a small sample size of only young animals and therefore may not be directly applicable to other studies or age classes.
Other studies investigating the use of morphometrics to predict body fat (Hall and McConnell 2007; Hall et al. 2001; Ryg et al. 1990 ) have had varied results, most likely due to the high variability in morphometric collections. One study (Field et al. 2005) used morphometric measurements and blubber measured by ultrasound from 18 sites to determine fat and lean body mass. Again the focus of this study was only one age class and the authors note that the values are only valid for within-study comparison and that the lean body mass values are most likely overestimated. This was also the case for Worthy and Lavigne (1983) , who measured fat and lean body mass in young harp seals through carcass analysis.
In this study several models, which included morphometrics, scored high using the AIC model selection criteria and could provide adequate data for body conduction measures. Models 2, 3, and 5, which combined morphometrics and ultrasound measurements, all had R 2 values above 96% for both TBF and TBP. No models with morphometric measurements alone had a R 2 above 95%, although model 6 with curvilinear length and axillary girth had an R 2 of 94% for TBF, but it was not a good fit for TBP. All images used for models in this study were taken by trained ultrasound users with the same imaging unit and with the same criteria for measuring blubber depth. Measurements were taken from animals that were trained, sedated, and/or restrained. Placement of the cursor and level of pressure for blubber measurement can be highly variable between untrained users. The repeatability of the ultrasound measurements depend on the surface positioning, the angle of the ultrasound probe, and pressure applied to the skin. With too much pressure, the tissue size and thickness can appear reduced, leading to underestimation of blubber depth. Marking the blubber depth on the image captured by the ultrasound unit is also critical (Fig. 2) . Exact knowledge of seal morphology, and features of the blubber tissue, and of the ultrasound unit, are mandatory for correct interpretation of the ultrasound image. Untrained user measurements result in higher variability therefore we recommend training prior to image collection. With minimal training, by reviewing images with a trained user and practice on trained or sedated animals, ultrasound measurements can provide a quick, easy, and repeatable method of body condition assessment.
The equations and techniques presented here are specific to harbor seals. Species-specific calculations validated with paired ultrasound measurements and D 2 O will be needed for application of this method to animals other than harbor seals. We hypothesize adaptations of this method to other phocid species will be simple because phocids store and utilize fat in very similar fashion. This method will be more challenging, if not impossible, for otariids (sea lions and fur seals) and cetaceans that have blubber that is more striated and structured and is utilized differently (Koopman et al. 1996; Mellish et al. 2007 ).
To our knowledge, this is the first study to cover ultrasound measurements of blubber depth for a wide range of animal ages, body conditions, and handling methods. These findings will make research sampling less costly, will have a lower impact on the animals via fewer required blood draws, reduce the blood volume needed, and will facilitate shorter handling times.
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